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Unlike in [13], we demand that the external eld is invariant under the gauge transformation. Therefore, any gauge
condition imposed on the external eld does not break the invariance under the gauge transformation (4). This is
consistent with the result given in [14], which states that the series of the OPE for a correlator of gauge invariant
currents does not depend on the choice the gauge of the external eld. Furthermore, in order to x the gauge of the




























. This has the advantage that
it can be shown that the external method in the covariant gauge is equivalent to the plane-wave method [14]. Note
that, when the external eld method is used, the background gauge very likely diers from the covariant gauge in
processes where both the radiation eld and the external eld are present in the initial states and (or) the nal states.
In the processes where only the radiation eld or the external eld is present in the initial states and (or) the nal
states, there is no dierence between the background gauge and the covariant gauge. For instance, if there is only the
external eld present in the initial and (or) nal states, the radiation eld is integrated out. Then the external method
in the background gauge is exactly the same as the original background gauge method [15]. The later is consistent
with the plane-wave method. If there is only the radiation eld present in the initial state and (or) nal state, we can
switch o the external eld. Then there is no dierence between the background gauge and the covariant gauge.














































Then, the external eld A

obeys the same Feynman rules as the radiation eld a

. This is also consistent with the
plane-wave method [14]. The calculational techniques using the Lagrangian (2) are similar to those in the background
gauge [15].














(x) = 0: (10)
Then, with the aid of the technique proposed in [13], the gluon propagator in the presence of the external eld can
be obtained straightforwardly. For instance, up to the term O(q
 4
























































































and D = 4 2 is the dimension of space-time. As expected, the gluon propagator (11) diers
from the corresponding one given in [13]. Sometimes it is more convenient to do the calculation in coordinate space.















3The necessary integration techniques in D-dimension were given in [13]. One can convert the 4-dimensional quark













































The two point correlator of the 1
 +









































































where up to the order O(
s
) and in the Feynman gauge the renormalization constant Z is given by [10]










The leading order calculation of (14) including the quark and gluon condensate contributions are contained in [8],
and the NLO corrections to the perturbative part of (14) were calculated in [9, 10]. Next we consider the NLO






i contributions. We divide the calculations into two parts. One part
can be obtained via the calculations of Feynman diagrams shown in Figure 1, where we do not display diagrams which
vanish in dimensional regularization or which can be obtained from diagrams a{o in Fig. 1 by symmetry arguments.
Because the expansion in term of x

violates translation invariance, the Fig. 1 diagrams g, j, and k respectively dier






























































































































































































































































































i results from the





































































































+ innite terms; (23)
where the sum of the innite terms in (19) and (22) is scale-independent. We did not check on the infrared convergence
of the sum of innite terms because we used dimensional regularization. However, the sum of these two parts must be
IR convergent so that the Wilson coeÆcient of the condensates only depends on short-distance eects. Obviously, this
result is invariant if we use the background gauge, because all radiation elds are integrated out. We have checked
such invariance.
FIG. 1: Feynman diagrams for the 
s




i. Dots stand for the current vertices.



























































































































































IV. MASS OF THE 1
 +
HYBRID MESONS























is the mass of the resonance R, f
R
denotes the coupling of the resonance to the current and we use the
narrow resonance approximation Æ(s  M
2
R












) at the scale  q
2
































5FIG. 2: Feynman diagrams for the 
s
-corrections to the condensatehqqi
2
. Dots stand for the current vertices.
where the a
k
are appropriate subtraction constants to render Eq. (28) nite. The energy variable  q
2
has to be chosen
in a region where one can incorporate the asymptotic freedom property of QCD via the operator product expansion.
























for the low dimension operators were given in [8, 10] as summarized in Section 3 of this paper. Ref. [9] also introduced
a dimension two operator resulting from the resummation of the large order terms of the OPE series. However, this
method appears to be model-dependent and could result in a double counting of the contribution of the operators
considered in the present approach. We will therefore not include the dimension two term in our analysis.
Concentrating on the analysis of the vector 1
 +
channel, the lowest-lying resonance in the spectral density is
enhanced by the standard approach of applying the Borel transform operator to (28) weighted by powers of q
2
[7].















(s)ds ; k = 0; 1; 2; : : : (30)
where the quantity R
k
represents the QCD prediction, and the threshold s
0
separates the contribution from higher
excited states and the QCD continuum. In the single narrow resonance scenario, the lowest-lying resonance mass can




















= 3 can be obtained from Eqs. (19) and (22), and Refs.[8, 10], with some































































































































































6Renormalization-group improvement of (32) is achieved by setting 
2
= 1= [16], and higher-weight sum-rules can be
obtained from  derivatives of (32) before implementing renormalization-group improvement. As stated earlier, this
procedure implies that the NLO hqqi
2
correction provides the leading contribution in R
1
.
The various QCD parameters that will be used in the phenomenological analysis of (32) are

MS





















































i is obtained from the




is referenced to the vacuum saturation value which is known to underestimate the actual value by up to a factor of 2
in the (I = 1) vector and axial vector channels [20].
Before considering a detailed analysis of the sum-rules, we consider the s
0
! 1 limit of the sum-rules which












which has the advantage of being a robust bound independent of the QCD continuum model. The explicit expressions


















































































































































































corrections is illustrated in Figure 3, where it is observed that the mass
bound is increased signicantly when these higher-order corrections are included. For brevity, we respectively refer




corrections as the NLO and LO sum-rules. In particular,
we see from Fig. 3 that the ^(1600), excluded for the LO case, can be accommodated when the NLO corrections are
included. Furthermore, the minimum of the NLO bounds occurs at a reasonable energy ( ) scale in contrast to the
rather large energy scale occurring when only LO corrections are included.






(;1) as a function of  for the NLO (solid curve) and LO (dashed curve) sum-rules. As
discussed in the text, acceptable values of M
R
must lie below these curves.
The mass estimateM
R
is obtained by optimizing the choice of s
0





Figures 4 and 5 illustrate this ratio for selected values of s
0
, resulting in M
R





NLO case, while the LO analysis results in M
R




. These optimized values of M
R
are
consistent with the bounds established in Fig. 3, and explicitly demonstrate that the NLO condensate eects raise
the estimated value of the hybrid mass.















f3:0; 4:0; 5:0; 6:0g GeV
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f2:0 ; 3:0; 4:0; 5:0gGeV
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Figure 6 displays the left-hand side of (39) for the NLO k = 0; 1; 2 sum-rules. We see from Fig. 6 that a stable ratio






with k is minimal. By contrast, the corresponding curves for the LO sum-rules shown in Figure 7 do not exhibit a





corrections lead to improved stability and self-consistency in the sum-rule analysis.





. If the pattern established in other sum-rule channels [20] is upheld for the hybrid OPE, then
hqqi
2
given in (34) underestimates the true value. Similarly, 
MS





) [21]. Increasing either of these parameters increases the hybrid mass estimates, and thus it appears diÆcult
to accommodate the ^(1400).
Finally, we have veried that the results of our analysis are essentially independent of the choice of renormalization
scale 
2
= 1= motivated by renormalization-group improvement in the s
0
!1 limit [16]. Choosing renormalization


















q(x) have been calculated, and the eect of these contributions on the QCD sum-rule estimates of the


















, is displayed as a






= 1:64GeV are used as inputs,
the lowest (solid) curve corresponds to k = 0, the intermediate (dotted) curve corresponds to k = 1, and the upper (dashed)
curve corresponds to k = 2.


















, is displayed as a






= 1:31GeV are used as inputs, the
lowest (solid) curve corresponds to k = 0, the intermediate (dotted) curve corresponds to k = 1, and the upper (dashed) curve
corresponds to k = 2.
1
 +
hybrid mass have been examined. The NLO hqqi
2
corrections are particularly interesting since they provide
the leading contributions to the R
1






contributions improve the stability and
self-consistency of the sum-rule analysis, resulting in a 1
 +
hybrid mass of approximately 1:6GeV. This result reects
a lower bound devolving from the QCD input parameters, so it appears diÆcult to accommodate the ^(1400) as a
hybrid state.
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